Mutations in polycystin-1 and transient receptor potential polycystin 2 (TRPP2) account for almost all clinically identified cases of autosomal dominant polycystic kidney disease (ADPKD), one of the most common human genetic diseases. TRPP2 functions as a cation channel in its homomeric complex and in the TRPP2/ polycystin-1 receptor/ion channel complex. The activation mechanism of TRPP2 is unknown, which significantly limits the study of its function and regulation. Here, we generated a constitutively active gain-of-function (GOF) mutant of TRPP2 by applying a mutagenesis scan on the S4-S5 linker and the S5 transmembrane domain, and studied functional properties of the GOF TRPP2 channel. We found that extracellular divalent ions, including Ca
Mutations in polycystin-1 and transient receptor potential polycystin 2 (TRPP2) account for almost all clinically identified cases of autosomal dominant polycystic kidney disease (ADPKD), one of the most common human genetic diseases. TRPP2 functions as a cation channel in its homomeric complex and in the TRPP2/ polycystin-1 receptor/ion channel complex. The activation mechanism of TRPP2 is unknown, which significantly limits the study of its function and regulation. Here, we generated a constitutively active gain-of-function (GOF) mutant of TRPP2 by applying a mutagenesis scan on the S4-S5 linker and the S5 transmembrane domain, and studied functional properties of the GOF TRPP2 channel. We found that extracellular divalent ions, including Ca
2+
, inhibit the permeation of monovalent ions by directly blocking the TRPP2 channel pore. We also found that D643, a negatively charged amino acid in the pore, is crucial for channel permeability. By introducing singlepoint ADPKD pathogenic mutations into the GOF TRPP2, we showed that different mutations could have completely different effects on channel activity. The in vivo function of the GOF TRPP2 was investigated in zebrafish embryos. The results indicate that, compared with wild type (WT), GOF TRPP2 more efficiently rescued morphological abnormalities, including curly tail and cyst formation in the pronephric kidney, caused by down-regulation of endogenous TRPP2 expression. Thus, we established a GOF TRPP2 channel that can serve as a powerful tool for studying the function and regulation of TRPP2. The GOF channel may also have potential application for developing new therapeutic strategies for ADPKD.
autosomal dominant polycystic kidney disease | TRP channels | TRPP2 | polycystin | gain of function A utosomal dominant polycystic kidney disease (ADPKD), one of the most common genetic diseases in humans, affects one in 400-1,000 individuals (1, 2) . It is characterized by the formation of fluid-filled renal cysts that ultimately lead to kidney failure. ADPKD is caused by mutations in either the polycystin-1 or transient receptor potential polycystin 2 (TRPP2) protein (3) . Polycystin-1, also known as PC1, a polycystic kidney disease (PKD) family member, is a large integral membrane protein with 11 transmembrane segments and a big extracellular N terminus (4) . TRPP2, also known as polycystin-2 or PC2, is a member of the transient receptor potential (TRP) ion channel family, a large group of six-transmembrane cation channels that play crucial roles in sensory physiology (5, 6) . Polycystin-1 and TRPP2 form a receptor/ion channel complex through the association of their C-terminal coiled-coil domains (7) (8) (9) (10) . Our previous work showed that this complex contains one polycystin-1 and three TRPP2 subunits (9, 10) . How mutations in polycystin-1 or TRPP2 lead to ADPKD is unknown, but it is generally believed that the TRPP2/ polycystin-1 complex functions as a sensor on primary cilia of renal epithelial cells to couple extracellular stimuli with intracellular Ca 2+ signals (11) (12) (13) . Presumably, disruption of this Ca 2+ signaling leads to cyst formation in ADPKD. TRPP2 also forms a flow sensor with PKD1L1, another PKD protein, on the primary cilia of the embryonic nodal cells and plays a crucial role in establishing left/right asymmetry during early stages of development (14) (15) (16) (17) .
TRPP2 is a Ca
-permeable nonselective cation channel, and its channel function has been described both in the presence (12, 13, 18) and absence of polycystin-1 (19) (20) (21) . TRPP2 is localized on multiple subcellular compartments, including the endoplasmic reticulum (ER) membrane, plasma membrane, and primary cilium, depending on the cell type or availability of binding partners (22) . Correspondingly, TRPP2 appears to have distinct functions in each subcellular compartment (23, 24) . For example, it functions as a calcium release channel on the ER membrane (21) and as a mechanosensitive channel in complex with polycystin-1 on the ciliary membrane (13) . Due to the essential role of TRPP2 in ADPKD, understanding its channel function and regulation, and its role in renal physiology, are crucial. However, recording the TRPP2 current has been difficult, because TRPP2 is predominantly expressed in the ER instead of the plasma membrane (21, 25) and, more importantly, the activation mechanism of TRPP2 is still unknown. For this reason, almost all reported channel activity of TRPP2 is recorded at the single-channel level (19) (20) (21) (26) (27) (28) (29) (30) (31) (32) (33) (34) , which has technical difficulties and limits the questions that can be addressed. The lack of a reliable system to record TRPP2 channel current easily has markedly delayed the study of this functionally important channel.
A gain-of-function (GOF) TRPP2 can bypass the activation mechanism. Thus, it will facilitate the study of function and regulation of TRPP2 and help unravel the downstream signaling pathways. In this study, we took a systematic mutagenesis approach to obtain a constitutively active GOF mutant of the TRPP2 channel. GOF mutations of other TRP channels identified Significance Mutations in transient receptor potential polycystin 2 (TRPP2) and polycystin-1 account for autosomal dominant polycystic kidney disease (ADPKD). TRPP2 is a cation channel and plays a crucial role in coupling extracellular stimuli to cellular responses in cells. The activation mechanism of TRPP2 is unknown, which significantly limits its study. Here, we report a gain-of-function (GOF) mutation that causes constitutive activity of TRPP2. This mutant was applied to investigation of the TRPP2 channel properties, the functional effects of ADPKD pathogenic TRPP2 mutations, and the in vivo function of the GOF TRPP2 in zebrafish embryos. From our results, we conclude that the GOF TRPP2 is a powerful tool for TRPP2 study, and has potential therapeutic applications in ADPKD treatment.
in diseases or in random mutagenesis studies indicated a common gating feature among these channels: mutations in the linker between the fourth and fifth transmembrane segments (S4-S5 linker) and the first half of the fifth transmembrane segment (S5) can lead to constitutive channel activity (35) (Fig. S1 ). In a previous study, proline (Pro)-scanning mutagenesis conducted in this region successfully generated GOF mutants of the TRPML1 channel (36) . We applied a similar strategy to TRPP2 and found F604P, a mutation in the S5 segment, causing constitutive opening of the TRPP2 channel when expressed in Xenopus oocytes. This GOF TRPP2 opens up an avenue for studies on TRPP2, as partially shown in this report. Our results not only provide new insights into the function and regulation of TRPP2 but also indicate a potential use for the GOF TRPP2 in new therapeutic strategies for ADPKD treatment.
Results

F604P Mutation
Leads to GOF in the TRPP2 Channel. To obtain a GOF mutant of TRPP2, we carried out a systematic Pro mutagenesis screen in the last part of the S4-S5 linker and the first half of S5 (Fig. 1A) . Mutated channels were expressed in Xenopus oocytes, and whole-oocyte currents were recorded in a divalent ion-free solution [100 mM NaCl, 2 mM Hepes-NaOH (pH 7.5)] using the two-electrode voltage clamp (TEVC) method. Among the 11 mutants, F604P gave significantly larger currents compared with WT and other mutant channels ( Fig. 1 B and C) (Fig. 1D) , indicating that the TRPP2_F604P mutant channel is more permeable to these cations (P Na : P K : P Li : P Rb : P Cs = 1: Fig. 1 . Pro-scanning mutagenesis reveals a GOF mutant of TRPP2. (A) Putative transmembrane topology of TRPP2. The region that was selected for Proscanning mutagenesis, including the last part of the S4-S5 linker and the first half of S5, is marked with the black-lined box, and the corresponding amino acid sequence is indicated at the bottom. Amino acids that were substituted to Pro are in red. An arrow points to the amino acid F604. C, carboxyl terminus; N, amino terminus. (B) Bar graph showing inward and outward currents of TRPP2 mutants when expressed in Xenopus oocytes. Currents at −80 mV and +60 mV are shown. Recording was done in a standard divalent ion-free bath solution [100 mM NaCl, 2 mM Hepes-NaOH (pH 7.5)]. Numbers of tested oocytes are indicated in parentheses in this and the following figures. All data are shown as mean and SD, and significant difference was tested with Student's t test. ***P < 0.001. 2.2 : 1.9 : 2.2 : 2.4; n = 6). This result is consistent with previous reports, which showed that the TRPP2 channel is more permeable to K + and Rb + than Na + (20, 26, 37) , although the calculated ratios vary in different studies.
Assuming the current we recorded is indeed conducted by TRPP2_F604P, three possible factors can result in the increased current of this mutant: higher expression of mutant channels on plasma membrane, an increase in channel open probability, or an increase in single-channel conductance. To clarify the effect of F604P further, we compared the plasma membrane expression of WT and F604P TRPP2 channels in Xenopus oocytes by purifying the biotinylated surface proteins. Results showed similar expression of WT and TRPP2_F604P in both oocyte lysate and plasma membranes (Fig. 1E) , supporting the idea that the F604P mutation causes a GOF effect by increasing channel open probability or single-channel conductance.
Several lines of evidence further suggested that the current we recorded is indeed conducted by the TRPP2_F604P channel. First, the F604P mutation is necessary for GOF TRPP2 activity. Coexpression of WT TRPP2 RNA showed a dominant negative effect on the TRPP2_F604P current. When WT TRPP2 and TRPP2_F604P RNA were mixed in different ratios [WT:F604P = 100:0, 75:25, 50:50, 25:75, or 0:100 (%)] and injected together into oocytes, we found that the more WT RNA injected, the smaller were the currents recorded ( Fig. 2A) . Second, applying a mouse TRPP2 antibody (Ab), which recognizes the extracellular loop between the first and second transmembrane segments of TRPP2, partially inhibited the TRPP2_F604P current, whereas applying a mouse anti-GFP Ab did not (Fig. 2B) . Third, the GOF function is F604P mutation-specific. We suspect that mutating F604 to Pro either breaks or kinks the S5 helix and locks the TRPP2 channel in an unregulated open state. Mutation of F604 to other hydrophobic amino acids that will keep the helix intact should not cause the same effect. Indeed, when F604 was mutated to either Ala (F604A) or Ile (F604I), the GOF effect was not observed (Fig. 2C and Fig.  S2 A and B), although both mutants were expressed normally on oocyte plasma membrane (Fig. S2C) . Fourth, ADPKD pathogenic mutations abolished TRPP2_F604P channel function. We tested the effect of two ADPKD-causing mutations on the current of TRPP2_F604P. D511V, a pathogenic missense mutation located at the bottom of the third transmembrane segment, has been shown previously to cause loss of TRPP2 channel activity (21, 38) . When this mutation was introduced into TRPP2_F604P, we could no longer record any current ( Fig. 2D and Fig. S2D) . Similarly, the channel current was abolished when we introduced another pathogenic single-point deletion mutation located on S5, F605Δ (39) (Fig. 2D and Fig. S2E ). F605Δ may cause dramatic local conformational changes that lead to closing of the channel gate. Finally, more direct evidence came from the results showing that mutations in the pore region of TRPP2_F604P caused ion selectivity changes (see Fig. 4 for data).
TRPP2_F604P Current Is Blocked by Common Cation Channel Blockers
and Divalent Ions. The TRPP2_F604P mutant was further used to characterize the channel properties by examining the blocking effect of common channel blockers and divalent ions. Applying 0.5 mM Gd 3+ or 5 mM amiloride greatly inhibited the GOF TRPP2 current ( Fig. 3 A and B) , consistent with a previous report on single-channel recording (19) . Ruthenium Red (RuR), a ryanodine receptor inhibitor, was shown to block some TRP channels, such as TRPV1 (40), TRPV4 (41) , and a heteromeric channel formed by TRPV4 and TRPP2 (42) . Here, when we applied 100 μM RuR in bath solution, nearly complete inhibition of TRPP2_F604P current was observed ( Fig. 3 A and B) .
Along with being permeable through TRPP2, calcium regulates TRPP2 channel activity. Previous single-channel recordings showed that applying Ca 2+ with a millimolar concentration on the extracellular side reduced the TRPP2 currents carried by monovalent cations (19, 20) . However, this effect has not been well studied. A similar inhibitory effect by divalent ions was also found in the TRPP2/polycystin-1 complex channel (12) and in another TRPP family member, TRPP3 (43) . We tested the effect of Ca 2+ on the whole-oocyte current of TRPP2_F604P. When Ca 2+ was added into the standard divalent ion-free bath solution, we noticed a significant reduction of the current, especially the inward current ( Fig. 3 C-E and Fig. S3A ). Conversely, when we added 5 mM EDTA in the extracellular solution to chelate the trace amounts of divalent ions, a slightly bigger current was recorded ( Fig. 3 C and D) . Both results indicate that extracellular Ca 2+ blocks the conductance of monovalent ions. The inhibitory effect of Ca 2+ is strongly voltage-dependent, and an outwardly rectifying current was recorded in the presence of extracellular Ca 2+ (Fig. 3D) , indicating a possible open-channel blocking mechanism. This current can be further blocked by 100 μM RuR (Fig. S3B) . It is also possible that the remaining outward current is actually caused by the influx of Cl − ions through endogenously expressed Ca 2+ -activated chloride channels (44) (45) (46) . To rule out this possibility, we replaced Cl − in bath solution with gluconate − , which is not permeable to chloride channels, and found no change in the outward current ( Fig. S3 C and D). This result indicates that the outward current is indeed carried by cation (mainly K + ) efflux through the TRPP2_F604P channel. In a dose-response experiment, the inhibition of inward current reaches saturation when ∼1 mM Ca 2+ is present extracellularly ( Fig. 3E and Fig. S3A ).
The effects of two other divalent ions, Mg 2+ and Ba
2+
, were tested. Mg 2+ has a similar inhibition on the TRPP2_F604P current as Ca 2+ ( Fig. 3 F-H). However, Ba 2+ caused more inhibition of both inward and outward currents than Ca 2+ and Mg 2+ (Fig.  S3E ). Divalent ions may inhibit the flow of monovalent ions by directly binding to negatively charged amino acids located in or close to the channel pore. If divalent ions inhibit TRPP2_F604P channel through a similar mechanism, then the greater inhibitory effect of Ba 2+ indicates a strong affinity of Ba 2+ to the binding site. However, it is also possible that Ba 2+ has a different inhibition mechanism from Ca 2+ and Mg
, because it also greatly inhibited the outward current.
Because Ca 2+ binds less strongly to protonated carboxylic groups than to unprotonated carboxylic groups, low pH should weaken the binding of Ca 2+ and reduce its blocking effect. In the cyclic nucleotide-gated (CNG) channel, lower pH has been shown to reduce Ca 2+ inhibition (47) . The effect of pH on the Ca 2+ blocking of the TRPP2_F604P channel was tested, and results showed that both low (4.0) and high (9.0) pH have no significant effect on Ca 2+ blocking, although they slightly decrease the outward current (Fig. S4A) (pH 4) also inhibits the TRPP2_F604P current in the absence of Ca 2+ (Fig. S4B ). Low pH has been shown to inhibit TRPP3 activity in a previous study (48) .
D643 Is Critical for Ion Selectivity of TRPP2. Next, the key amino acids in the channel pore for TRPP2 ion selectivity were explored. Negatively charged amino acids D523 and D525 play a crucial role in the cation selectivity of TRPP3 channel (49, 50) . In TRPP2, D643 is aligned to D523 of TRPP3 (Fig. 4A) , whereas another negatively charged amino acid, E648, is five amino acids downstream in the sequence (Fig. 4A) . We hypothesized that these two amino acids may stay inside or close enough to the selectivity filter, and mutating them will change the ion selectivity of GOF TRPP2. To test this hypothesis, we mutated D643 to either Asn (N) or Gln (Q), and E648 to either Lys (K) or Q in TRPP2_F604P and measured the ion selectivity change caused by these mutations.
The reversal potential of TRPP2_F604P channel current in bath solution containing 100 mM Na + [molecular weight (MW) = 23] is −10.9 ± 4.6 mV (Fig. 4B, first ; MW = 195.2), the reversal potentials shifted to −16.5 ± 4.1 mV, −17.2 ± 1.5 mV, −27.1 ± 4.7 mV, and −34.3 ± 9.1 mV, respectively (Fig. 4B, green  bars) , affirming the hypothesis that the bigger the size of the ions, the less permeable they are (Fig. 4C , permeability ratios of other ions to NMDG + in the row of F604P). NMDG + is still conducted by GOF TRPP2, although it is much less permeable than Na + , indicating the relatively large size of the TRPP2 channel pore, which is consistent with previous reports (30, 37) .
The effect of D643 and E648 mutations on the ion selectivity of the TRPP2_F604P channel was then tested. Three mutations, D643N, D643Q, and E648K, caused significant shifts of current reversal potential in almost all tested ions (Fig. 4B) . As a result, compared with the TRPP2_F604P channel, the calculated permeability ratio of other ions to NMDG + (P X /P NMDG ) also changed a lot in these mutant channels (Fig. 4C and Table S1 ). Of these three mutants, D643N had the biggest effect. The reversal potential of TRPP2_F604P_D643N in Na + solution shifted from −10.9 mV of TRPP2_F604P to 9.72 mV, in DMA + from −16.5 mV to 7.8 mV, and in Tris + from −27.1 mV to −11.3 mV (Fig. 4B , representative currents of D643N are shown in Fig. S5 ). Correspondingly, calculated P Na /P NMDG changed from 2.5 to 3.3, P DMA /P NMDG changed from 2.0 to 3.0, and P TMA /P NMDG changed from 1.9 to 2.6. (Fig. 4C and Table S1 ). In comparison, another mutation, E648Q, did not cause a significant change in the permeability of any tested ion (Fig. 4 B and C) . From these results, it is reasonable to conclude that D643 is located directly in the channel pore, whereas E648 may not be. However, E648 should be located close to the pore, because a dramatic charge modification at this position (E648K) still causes significant changes in ion selectivity (Fig. 4 B and C and Table S1 ). . Studying the effects of these mutations will shed light on the molecular mechanism of TRPP2 function and ADPKD pathogenesis. The GOF TRPP2 serves as a good system for studying these mutants. In the following experiments, nine single-or double-point pathogenic mutations that are spread throughout the TRPP2 protein (Fig. 5A) were introduced into the TRPP2_F604P channel, and their effects on channel activity were tested.
Among these nine mutations, R325P (51), W414G (52), and R420G (51) are located in the large extracellular loop between the first and second transmembrane segments (Fig. 5A ). This extracellular loop is a unique structural feature shared only by the TRPP and TRPML channels in the whole TRP family. The structure and function of this loop are largely unknown. R325 is also part of the conserved polycystin motif that is common in the sequences of almost all TRPP and PKD proteins (53) . A recent report showed that W414G abolishes the trafficking of TRPP2 to primary cilium in pig kidney epithelial cells and reduced its single-channel conductance on ER membrane (54) . In our experiments, both W414G and R420G abolished or significantly reduced the channel current, whereas R325P had no effect (Fig.  5B) . The opposite effects of R325P and the other two mutations indicate the multiple roles the extracellular loop plays in TRPP2's function in ADPKD. Next, four pathogenic mutations within the transmembrane regions were tested. Among them, D511V and F605Δ abolished the GOF TRPP2 current as shown earlier in this study (Figs. 2D and 5B). How D511V affects channel activity is not known, but F605Δ most likely causes conformational changes that lead to the closing of the gate. Two other mutations located in the pore helix, F629S and R638C, chose NMDG + as the reference ion because its permeability has the smallest change among all ions when different mutants were tested. However, it should be noted that because the NMDG + permeability itself was increased in three of the four mutants, the permeability changes of other ions caused by these mutations are underestimated if one just compares the numbers in the table. More detailed results on the changes of both reversal potential and relative permeability ratios are listed in Table S1 .
abolished the channel current (Fig. 5B) , indicating that the proper conformation in this region is crucial for ion permeability. Furthermore, two pathogenic mutations located at the C terminus of TRPP2 were tested. Introduction of the double-point deletion mutation L736-N737Δ in the EF-hand motif caused no change on the channel current (Fig. 5B) . Similarly, a substitution mutation S949F (pkdb.mayo.edu), located 20 amino acids upstream of the carboxyl terminus of TRPP2, also caused no change in the TRPP2_F604P current (Fig. 5B ). All of the tested pathogenic mutations expressed on oocyte plasma membrane as WT and F604P channels ( Fig. 5C and Fig. S6 ), indicating that trafficking is not the reason why some of these mutations abolish TRPP2_F604P current.
GOF TRPP2 Functions Better in Rescuing the Defects of Zebrafish
Embryos Induced by Knocking Down the Endogenous TRPP2. Loss of function of TRPP2 induces ADPKD in humans. Therefore, restoration of TRPP2 function has potential value in the development of therapeutic strategies. This restoration strategy has been shown to be virtually effective in zebrafish, a widely used animal model for ADPKD and TRPP2 study (55) (56) (57) (58) (59) . Knocking down TRPP2 in zebrafish embryos with morpholino (MO) oligos resulted in cyst formation in the pronephric kidney and dorsal axis curvature (curly tail) (55) . Both phenotypes can be rescued by injecting human TRPP2 RNA into one-to two-cell-stage fish embryos (56, 57) . Although there is no direct evidence, injected TRPP2 RNA most likely rescues the MO-induced defects by restoring TRPP2 channel activity. If this assumption is true, we can then hypothesize that the GOF TRRP2, which has more channel activity than WT, will rescue the MO-induced defects more efficiently. In our experiment, after MO directed against zebrafish TRPP2 was injected into one-cell embryos, the fish embryos exhibited a curly tail phenotype with variable severity at 48 hours postfertilization (hpf) (Fig. 6A) . Based on the severity of curly tail, fish were divided into four categories as previously reported (60): normal (no curvature), mild (<90°), moderate (>90°), and severe (tail tip crossing the body axis) (Fig. 6A) . It has been reported that the curly tail phenotype correlates with cyst formation in the pronephric kidney of zebrafish (55, 56) . In this study, the relationship between the severity of the curly tail phenotype and the kidney cyst formation was quantitatively analyzed with the wt1b:EGFP transgenic fish line [Tg(wt1b:eGFP) li1 ] (61). These fish express GFP specifically in their pronephric kidney, which makes it possible to monitor the cyst formation by measuring the size of the glomerulus under GFP fluorescence ( Fig. 6 C and D) . An oversized glomerulus indicates cyst formation. Our results show a strong correlation between the severity of the curly tail phenotype and the glomerulus size (Fig. 6E) . The more severe the curly tail, the bigger were the glomeruli/cysts. Cyst formation in the oversized glomerulus in zebrafish embryos with severe curly tail was further confirmed by reconstructed 3D structures with confocal images of the glomerulus (Fig. S7) . These results confirm that the severity of cystogenesis in the pronephric kidney can be judged by monitoring the severity of the curly tail phenotype.
After coinjecting 50 pg of human TRPP2 RNA with MO, the overall severity of curly tail became significantly lower than in the MO-only injected group (Fig. 6B , Left, second and third bars on the graph). Compared with 80% of the MO-only injected group, less than 40% of embryos had either moderate or severe curly tail in the MO + TRPP2 RNA-injected group (Fig. 6B) . Significantly better rescue was observed in the group of embryos injected with MO and 50 pg of TRPP2_F604P RNA; only 24% of fish had either moderate or severe curly tail (Fig. 6B , Left, fourth bar on the graph). Compared with 13% in the WT TRPP2-injected group, 46% of fish had a normal body dorsal axis in the TRPP2_F604P-injected group (Fig. 6B and Fig. S8A ). No clear difference was found in the expression level of these two proteins in zebrafish (Fig. S8B) . These results indicate that TRPP2_F604P rescues the dorsal axis curvature better than WT TRPP2. Because the main difference between the TRPP2_F604P and the WT channel is the constitutive channel activity of TRPP2_F604P, our results strongly suggest that TRPP2 rescues the curly tail phenotype and cystogenesis by means of its ion channel activity, and that our GOF TRPP2 has higher activity than the WT channel in vivo. Consistently, the rescue effect was abolished by introducing a lossof-function pathogenic mutation, D511V, into the TRPP2_F604P (Fig. 6B, Right) , while protein expression in zebrafish was not affected (Fig. S8B) . This result is consistent with a previous finding that TRPP2 RNA with the D511V mutation failed in rescuing MO-induced defects in zebrafish (58) .
Discussion
Although the TRPP2 ion channel plays a crucial role in cell signaling in renal and nonrenal cells, study on its function and regulation is limited by the lack of a suitable system for recording its channel activity. In the present study, by performing systematic mutagenesis on the S4-S5 linker and the first half of S5, we found that a single mutation, F604P, on S5 causes constitutive Currents were recorded in a bath solution containing 100 mM NaCl, 2 mM CaCl 2 , and 2 mM Hepes-NaOH (pH 7.5). Currents at +60 mV are shown in the bar graph. All currents have been normalized to the average of TRPP2_F604P currents recorded from the same batch of oocytes. Currents of F604P_D511V and F604P_F605Δ are adopted from data in Fig. 2D . ***P < 0.001. (C) Representative Western blot images showing surface expression of the WT TRPP2 channel and channels with indicated mutations. Actin was blotted to show only surface protein detected in the surface protein samples, and serves as a loading control. Statistical analysis on band intensity with data from three independent experiments shows no significant difference in their plasma membrane expression (Fig. S6) .
opening of TRPP2 (Fig. 1) . The overall structures of TRP channels are similar to the overall structures of voltage-gated cation channels, such as the voltage-gated potassium channel (Kv) (62, 63) . In the Kv channel, the S4-S5 linker helix couples the movement of the voltage sensor in S4 to channel gating through the interaction between the S4-S5 linker, S5, and S6 (64) . Similar local structural features have been found in TRPV1 (63), TRPV2 (65) , and TRPA1 (66), indicating that a common gating mechanism exists between the Kv and TRP channels. The role that the S4-S5 linker plays in the gating of the TRPV4 channel was recently explained by a homology model of this channel (67) . In this model, L596, an amino acid on the S4-S5 linker, interacts with W733 in the C-terminal TRP domain to lock the channel in its closed state (67) . The TRP domain is a highly conserved region in most TRP channels, located right after S6 (68) . Consistently, the GOF mutants of TRP channels found in diseases and random mutagenesis studies showed that large hydrophobic amino acids, especially Phe, in the S4-S5 linker and the first half of S5 play a crucial role in keeping TRP channels in the closed state (35) . Changing these amino acids may lead to constitutive activation of the channels (35) . Compared with other TRP members, TRPP proteins do not contain the TRP domain (68) , and, so far, there is no report of a GOF mutation in the S4-S5 linker or S5 of any TRPP channels. Our results with TRPP2_F604P indicate, for the first time to our knowledge, that TRPP channels share a similar gating mechanism with other TRPs even though the conserved TRP domain is missing. Ca 2+ is an important regulator of TRPP channel activity. Previous studies showed that extracellular Ca 2+ inhibits channel currents carried by monovalent cations in both the TRPP2 and TRPP3 channels (19, 20, 37, 43) . Meanwhile, TRPP2 activity is regulated by cytoplasmic Ca 2+ concentration in a bell-shaped manner. Applying Ca 2+ below micromolar concentrations on the cytoplasmic side increases channel activity, but a higher concentration of Ca 2+ inhibits the channel activity (20, 21, 29) . In our experiments, application of extracellular Ca 2+ , Mg
2+
, or Ba 2+ abolished most of the inward current of TRPP2_F604P carried by the monovalent ion Na + (Fig. 3 C-H and Fig. S3 ). The voltage dependence of divalent blocking in TRPP2_F604P indicates an open-channel blocking mechanism (Fig. 3 D, E, G,  and H) . Depolarization removes the divalent ions from their binding site in the pore and releases the blocking. Ca 2+ blocking plays important roles in the function of Ca 2+ -permeable channels. In these channels, Ca 2+ must first bind to a site inside the pore to permeate. Thus, the ability of divalent ions, such as Ca
, to block the monovalent ion current is pretty common in these channels. Some very well-studied examples are the voltage-gated calcium channel (69) , CNG channel in vertebrate photoreceptors (47) , and TRPL channel in fly photoreceptors (70) . In all cases, Ca 2+ binds to the pore and blocks the current carried by monovalent ions in a voltage-dependent manner. The fact that Ca 2+ functions as an open-channel blocker of the TRPP2_F604P channel indicates that Ca 2+ has high binding affinity in the channel pore of TRPP2. It also indicates that the TRPP2 channel is normally blocked in physiological conditions when millimolar Ca 2+ and negative membrane potential exist. In the CNG and TRPL channels, Ca 2+ blocking is thought to limit Ca 2+ influx when intense signal (light) exists and plays a crucial role in reducing the noise level and adapting to intense signals (70, 71) . It will be very interesting to find out how much Ca 2+ influx through TRPP2 happens under blocking conditions and what role Ca 2+ blocking plays in the function of TRPP2 in vivo.
A recent study showed that cell cilia function as an independent calcium compartment and the calcium concentration change in cilia is isolated from the calcium concentration change in the cell cytoplasm (72) . Because the volume of cilium is very small (∼0.5 fL), a tiny influx of Ca 2+ ions is enough to bring the calcium concentration to a significant level to induce the signaling in cilia (72) . If TRPP2 indeed functions as a Ca 2+ -permeable channel on ciliary membrane, then a large Ca 2+ influx through TRPP2 may not be necessary. Therefore, the extracellular divalent ion inhibition may function in vivo to prevent excessive influx of Ca 2+ through TRPP2. Consistent with this hypothesis, currents recorded from the TRPP3/PKD1L1 complex on ciliary membrane showed strong outward rectification in Ca 2+ -containing bath solutions, indicating the possibility of also having similar divalent ion blocking properties (73) .
Our GOF TRPP2 is a very useful tool in studying TRPP2 function and regulation. Its application was demonstrated in this study by analyzing the effects of native pathogenic mutations (Fig. 5) . Results showed that although most of the tested mutations, including the ones in the I-II loop, transmembrane segments, and pore region, abolish or greatly reduce channel activity, one mutation in the extracellular I-II loop and two mutations in the C terminus did not affect the channel current (Fig. 5B) . These mutations may cause ADPKD by affecting trafficking or regulation of TRPP2, or its association with other binding partners (thus disrupting the downstream signaling pathway). Although more studies need to be done to clarify further the effects of these current-abolishing and non-currentabolishing mutations, our results indicate that different pathogenic mutations have varying effects on TRPP2 channel activity and may lead to different subtypes of ADPKD. Thus, corresponding therapeutic strategies have to be developed to treat patients with different pathogenic mutations.
The C terminus is crucial for the function of TRPP2 in many areas, including assembly with polycystin-1 (7-9); interaction with other partners, such as TRPC1 (74); subcellular localization (25) ; and channel activity regulation (21, 29) . The C terminus of TRPP2 is also involved in association with cytoskeletal proteins, such as actin and filamin, which have been shown to regulate the stability, trafficking, and channel function of TRPP2 (75, 76) . However, in this current study, two mutations in the C terminus were found to have no effect on GOF TRPP2 channel activity (Fig. 5B ). L736 and N737 are located in the C-terminal EF-hand motif, a domain involved in Ca 2+ regulation of TRPP2 activity (77) (78) (79) (80) . Although they are not directly involved in Ca 2+ binding (78) , deletion of L736 and N737 most likely alters Ca 2+ regulation by deforming the Ca 2+ binding site. Previous study has shown that the mutation L736-N737Δ changed the response of TRPP2 to cytosolic Ca 2+ (78) . However, because Ca 2+ regulation on channel gating is most likely missing in the constitutively open GOF channel, it is not a surprise to see that L736-N737Δ did not affect the GOF channel current (Fig. 5B) . The second mutant, S949F, also has no effect on channel activity (Fig. 5B) , indicating a possible role of S949 in other crucial functions of TRPP2, such as interacting with downstream signal molecules or cytoskeletal proteins. A previous report showed that the disease-causing truncation mutation TRPP2_R742X, which misses most of the C terminus, forms a functional channel on the plasma membrane (37) . Together, these results indicate the C terminus is not necessary for TRPP2 ion channel activity, although it plays crucial roles in regulating the function of TRPP2 as mentioned above.
Our zebrafish experiment showed that compared with WT TRPP2, GOF TRPP2 better rescued zebrafish defects (curly tail and kidney cysts) caused by down-regulation of endogenous TRPP2 expression (Fig. 6) . These data strongly suggest that rescue of these defects benefits from the higher channel activity of the GOF TRPP2. In a recent study, it was shown that the restoration of human TRPP2 expression/function significantly rescued ADPKD phenotypes in a TRPP2 KO mouse model in a dose-dependent manner (81) . Together with our results, the current evidence indicates that elevation of TRPP2 activity may be helpful for ADPKD treatment. It is crucial to figure out further how TRPP2 activity rescues ADPKD phenotypes. Because TRPP2 channel function has been described both in the presence (12, 13, 18) and absence of polycystin-1 (19) (20) (21) , it will be very interesting to find out whether polycystin-1 is involved in the rescue caused by TRPP2 activity. Also, TRPP2 has been shown to be localized on multiple subcellular compartments and may have distinct functions in each compartment (3, (22) (23) (24) . Therefore, it is also important to find out how temporal and spatial regulation of TRPP2 function contributes to the rescuing.
ADPKD is caused by mutations in either polycystin-1 or TRPP2. Because mutations in these two proteins produce similar pathological manifestations and they assemble as a complex (7-10), polycystin-1 and TRPP2 are proposed to participate in the same molecular and cellular process. It is generally believed that in the TRPP2/polycystin-1 complex, polycystin-1 is the receptor that detects extracellular signals, such as fluid flow (13) , and opens the TRPP2 channel to conduct Ca 2+ influx (11) . Our results in zebrafish indicated that GOF TRPP2 has higher basal channel activity in vivo than the WT (Fig. 6 ). Thus, a GOF TRPP2 with its constitutive activity has the potential to bypass the initial signal acceptance and conduct the Ca 2+ influx directly. In other words, the GOF TRPP2 may be able to compensate for the functional loss of TRPP2/polycystin-1 complex, regardless of whether the mutation is on polycystin-1 or TRPP2. Therefore, in addition to serving as a useful tool for studying the function, regulation, and pharmacology of TRPP2, the GOF TRPP2 may be valuable in developing new therapeutic strategies for ADPKD. It is necessary to further evaluate its therapeutic application with ADPKD mouse models.
Materials and Methods
cDNA Constructs and Cloning. Human TRPP2 cDNAs (National Center for Biotechnology Information accession no. U50928) were cloned into a modified pGEMHE vector for in vitro transcription. Mutations were introduced by PCR, and all constructs were verified by sequencing. Unless otherwise indicated, the DNA sequence of an HA epitope tag was added to the 5′ end of TRPP2 cDNA to generate N-terminal HA-tagged TRPP2.
Electrophysiology. TEVC experiments were performed as described previously (49) . In brief, cRNAs were synthesized in vitro and injected into follicle membrane free oocytes (50 ng of cRNA per oocyte). After injection, the oocytes were incubated at 18°C for 3 to 4 d before whole-oocyte currents were recorded. Unless otherwise indicated, whole-cell currents of oocytes were recorded at room temperature in standard divalent ion-free bath solution [containing 100 mM NaCl, 2 mM Hepes (pH 7.5)] or Ca 2+ -containing bath solution [100 mM NaCl, 2 mM CaCl 2 , 2 mM Hepes (pH 7.5)]. A standard TEVC protocol includes holding oocytes at −60 mV and measuring the currentvoltage (I-V) relationships by applying 50-ms voltage steps from −80 to +60 mV in 10-mV increments.
For the Ab blocking experiments in Fig. 2B , oocytes were first held at −60 mV and perfused with standard divalent ion-free bath solution. Perfusion was stopped, and 50 μg/mL mouse monoclonal anti-TRPP2 Ab that recognizes aa 261-360 in the extracellular loop of TRPP2 (LifeSpan Biosciences) or 50 μg/mL mouse monoclonal anti-GFP Ab (Santa Cruz Biotechnology) was applied drop-wise onto oocytes for 20 s.
In the experiments for determining ion permeability, oocytes were perfused with standard divalent ion-free bath solution first, and the voltage step protocol was applied to extract the I-V curve and the reversal potential of Na + . Oocytes were then washed with solutions in which 100 mM NaCl was replaced with 100 mM KCl, LiCl, RbCl, CsCl, DMA hydrochloride, TMA hydrochloride, Tris·HCl, or NMDG-HCl. The I-V was monitored with a voltage ramps protocol (from −70 to +60 mV in 160 ms) until the reversal potential shift stopped (usually takes about 20 s). Finally, another voltage step protocol was applied to extract the I-V curve and reversal potential for the tested ion. Relative permeability of the tested ions was calculated based on the difference between the reversal potential of the tested ion and Na + (Fig.   1D ) or NMDG + (Fig. 4) . The permeability ratios, for example, P X /P NMDG , were calculated using the following Goldmann-Hodgkin-Katz equation (82):
where E rev is the reversal potential and ΔE rev is the shift of reversal potential when ion X + was switched to NMDG + . ΔE rev = E rev,X − E rev,NMDG . F is Faraday's constant, R is the universal gas constant, and T is the absolute temperature.
Data of electrophysiology experiments are presented as mean values ± SD. Statistical significance is determined by an unpaired, two-tailed Student's t test.
Surface Protein Biotinylation. Proteins on Xenopus oocyte plasma membrane were detected with a Pierce Cell Surface Protein Isolation Kit by following a slightly modified protocol as described previously (83) . In brief, 3 or 4 d after cRNA injection, oocytes (20 oocytes per reaction) were washed with ice-cold calcium-free oocyte Ringer's solution (OR2) [82.4 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 10 mM Hepes (pH 7.6)]. Oocytes were then incubated with 1.2 mg/mL sulfo-NHS-SS-biotin in OR2 at 4°C for 30 min. The reaction was quenched, and oocytes were washed following the manufacturer's protocol. Oocytes were then homogenized and lysed. Lysates were mixed with streptavidin magnetic beads at 4°C overnight. After beads were washed, proteins were eluted with SDS sample loading buffer with DTT at 37°C for 30 min. Eluted samples were analyzed with SDS/PAGE and Western blot. Relative intensity of Western blot bands was measured with ImageJ (NIH) and analyzed with Student's t test.
SDS/PAGE and Western Blotting. Western blot analysis was performed as described previously (49) . Protein samples were run on 4-12% Bolt Bis-Tris Plus gels (Life Technologies) and transferred to a PVDF membrane. Mouse monoclonal anti-HA (BioLegend) or anti-β-actin Ab (GenScript) was used. Blot signals were visualized with a Molecular Imager Chemi Doc XRS+ imaging system (Bio-Rad).
MO and mRNA Injection in Zebrafish. WT or wt1b:EGFP transgenic [Tg(wt1b: eGFP) li1 ] (61) zebrafish were maintained at 28°C on a 14-h/10-h light/dark (regular) cycle. Embryos were collected from natural breeding and selected by developmental and morphological criteria.
Zebrafish TRPP2 MO oligos were ordered from Gene Tools. The MO oligo (sequence: 5-AGGACGAACGCGACTGGAGCTCATC-3) was designed previously (55) to inhibit translation of the corresponding zebrafish TRPP2 gene. To knock down endogenous zebrafish TRPP2, embryos of WT or wt1b:EGFP transgenic line fish at the one-cell stage were microinjected with 0.25 mM antisense MO oligos in 100 mM KCl and 0.5% Phenol Red with a volume of 500 pL per embryo. In rescue experiments, 50 pg of in vitro synthesized human TRPP2 cRNA (WT or mutant) was injected, together with 0.25 mM MO. Embryos from the same clutch with the same parents were used for injection when direct comparison was made within groups. MO-and RNA-injected embryos were incubated at 28°C and observed for phenotypes at 48 hpf. Statistical significance between groups was determined by the χ 2 test.
To prepare samples for Western blot to show the expression of HA-tagged human WT and mutant TRPP2 in zebrafish, 60 fish at 48 hpf were collected from each group and lysed with lysis solution containing 1% n-Dodecyl β-D-maltoside, 5 mM EDTA, and protease inhibitor mixture (Pierce). HA-tagged TRPP2 proteins were then pulled down from fish lysate with anti-HA Ab-coated magnetic beads (Pierce) following the protocol from the manufacturer. Proteins were analyzed by Western blot with mouse monoclonal anti-HA Ab (BioLegend).
Zebrafish Image Acquisition. The pronephros, identified in the Tg(wt1b: eGFP) li1 as GFP-positive, was imaged using a fluorescence microscope (Zeiss SteREO Discovery V12) with a camera (Zeiss AxioCam MRc). The area of glomerulus was measured from the GFP-positive regions using ImageJ (NIH).
The scale was set in ImageJ with an image of a micrometer and used to calculate the glomerulus area. Statistical significance was determined by the Student's t test. For confocal imaging, briefly, Tg(wt1b:eGFP) li1 embryos, immobilized with tricaine and screened for GFP expression at 48 hpf, were mounted in 2% low-melt agarose on a glass-bottomed dish with the pronephros positioned directly adjacent to the coverslip. The embryos were then imaged under the 20× objective on an inverted Leica SP5 spectral confocal microscope. Three-dimensional reconstructions of GFP expression were rendered in Imaris (Bitplane, USA).
Animal Use. All frogs and zebrafish care and experimental protocols were conducted upon approval of the Institutional Animal Care and Use Committee of St. John's University; Yale University; and Queens College, City University of New York.
